Lipid peroxidation products such as the naturally occurring aldehyde 4-hydroxynonenal (4-HNE) are known to be cytotoxic toward different cell types, including spermatozoa. In order to understand this at the molecular level, we have employed a proteomic approach to characterize direct 4-HNE adducts on human spermatozoa. Several proteins were identified to be of particular interest, including aldehyde labeling of histone methyltransferase and dynein heavy chain. In addition, we found that 4-HNE bound to part of the activation segment, cysteine residue 199, of protein kinase A (PKA). Interestingly, at low levels, addition of 4-HNE had a stimulatory effect on PKA. However, this did not correlate to increased phosphotyrosine levels during capacitation. This data explains the link between reactive oxygen species and sperm toxicity. Given that epigenetic regulation is likely affected in oxidative-stressed spermatozoa, this data show that spermatozoa appear to shut down under these conditions before reaching the egg.
INTRODUCTION
It was first demonstrated that H 2 O 2 is produced within human spermatozoa by John Macleod in 1943 [1] , an observation that has since been confirmed in several different species [2] [3] [4] [5] [6] [7] . The production of H 2 O 2 and other oxygen radicals within spermatozoa is hypothesized to serve a dual purpose. First, sperm cells are unique in the sense that they are immune-privileged, developing behind blood-testis and bloodepididymis barriers. With less than 1% of the immune system present in the epididymis, spermatozoa appear to use reactive oxygen species (ROS), including H 2 O 2 , as a defense mechanism against pathogens (reviewed in [8] ). Second, spermatozoa appear to produce low levels of H 2 O 2 to drive a signal transduction pathway known as capacitation [9] [10] [11] [12] , a process essential for fertilization. In particular, low levels of ROS are beneficial for the cell, however, higher, uncontrolled levels are detrimental [13] . Previously, we have identified two key tyrosine kinases, pp60c-SRC [14, 15] and c-ABL [16] , that are involved in capacitation and up-regulated by H 2 O 2 , confirming a role for this oxidant in sperm function.
In some infertile men, it is apparent that their semen samples produce higher levels of ROS, which are known to be extremely toxic toward spermatozoa [2, 17, 18] . Indeed, spermatozoa from infertile men show greater oxidative DNA damage compared with normal fertile controls [19] and severely decreased sperm motility [20] [21] [22] . The latter is likely to be a protective mechanism that limits fertilization of an egg by a DNA-damaged spermatozoon. Given that sperm motility is severally affected in infertile men, it has been speculated that oxidative stress results in lipid peroxidation in the sperm plasma membrane, which then leads to decreased motility [23] . In support of these data, the percentage of motile sperm in a semen sample is correlated with the level of the powerful antioxidant a-tocopherol [24] .
We have recently demonstrated that excessive ROS generation within spermatozoa leads to the production of the toxic lipid-derived compound 4-hydroxynonenal (4-HNE) [25] . During oxidative stress, levels of 4-HNE rise significantly such that it can accumulate in the membrane at concentrations up to 5 mM [26] . Not surprisingly, high 4-HNE levels have been implicated in the onset of many oxidative-related pathologies such as cardiovascular and neurodegenerative diseases [27] [28] [29] [30] . We have recently demonstrated that high doses of 4-HNE (between 200 and 400 lM) induce oxidative stress and inhibit sperm motility within 3 h [25] . In an attempt to discern the biochemical mechanisms behind this phenomenon, we used a two-dimensional PAGE approach to identify 4-HNE-binding proteins [25] . However, this approach proved to be problematic as direct identification of 4-HNE adducts was obfuscated by several hundred proteins being identified in a single gel plug [25] .
In order to overcome these difficulties, the aim of the current work was to use a different approach to directly characterize 4-HNE adducts that were occurring within spermatozoa and could potentially explain the basis for 4-HNE cytotoxicity. By using an liquid chromatography-mass spectrometry (LC-MS) approach [16, [31] [32] [33] and comparing both 4-HNE-treated to vehicle control spermatozoa, we could successfully identify several peptides derived from proteins containing 4-HNE adducts. To extend these observations, we used an orthogonal chemical approach to directly couple 4-HNE-reacted proteins with a bead containing a hydrazide functional group. This allows us to enrich for proteins containing the aldehyde and determine which proteins form adducts with 4-HNE. Herein, we demonstrate several proteins that react to 4-HNE under the conditions described.
MATERIALS AND METHODS

Materials
All the chemicals were purchased from Sigma-Aldrich at the highest research grade, with the exception of albumin and ammonium persulphate (Research Organics), Percoll (GE Healthcare), HEPES (Gibco, Invitrogen Australia), and 10 3 Hams F10 (MP Biomedical). D-Glucose, sodium hydrogen carbonate, sodium chloride, potassium chloride, calcium chloride, potassium orthophosphate, and magnesium sulfide were all AnalaR grade. Chloroform, methanol, and formaldehyde were purchased from Fronine at the highest purity available. Ultrapure water was from Fluka, Tris from ICN Biochemicals, and the precast 4%-20% SDS gradient gels were from NuSep Ltd. The 4-HNE was purchased from Alpha Diagnostic. Novex Tris-acetate gels and running buffer were from Life Technologies. Heavy and light chain iCAT reagents were from AB SCIEX. Hydrazide bead was from Thermo Scientific.
Preparation of Human Spermatozoa
The study population consisted of a group of unselected donors who were free of any detectable organic disease and were normozoospermic according to the conventional criteria of semen quality [34] . Institutional and state government ethical approval was secured for the use of human semen samples in this research program, and a signed consent form was obtained. The semen samples were produced by masturbation and processed using Percoll fractionation as described previously [35] .
Preparation of HNE-Treated Human Sperm Lysates
Following Percoll fractionation, human spermatozoa were washed with Biggers-Whitten-Whittingham medium (BWW) [36] . The spermatozoa were then treated with the appropriate amount of 4-HNE or the vehicle control. Computer-assisted semen analysis was used to score sperm motility as either motile (.1 lm/sec) or immotile (essentially the sperm cell had to be completely immotile). After this, the sperm were washed three times with 1 ml of BWW to remove residual 4-HNE. Then 1 ml of 2% SDS was added to 100 3 10 6 spermatozoa, and the sample was boiled (1008C) for 5 min. The suspension was centrifuged (13 000 3 g, 15 min), and the supernatant taken for further analysis.
Construction of the Solid-Phase Hydrazide Glass Bead
Prior to monolayer preparation, the glass beads were treated for 1 h in boiling piranha solution (3:1 concentrated H 2 SO 4 :H 2 O 2 ). After this, the glass beads were rinsed with Milli-Q water and then coated with 3-aminopropyltriethoxysilane according to the published method [37] . Hydrazide reagent was then coupled to the glass bead according to the method of Roe et al. [38] .
Enrichment of HNE-Modified Proteins Using Coupled Hydrazide
Hydrazide coupled glass beads (200 mg) or commercially available hydrazide acrylamide beads (100 mg) were washed with phosphate buffer (0.1 M NaH 2 PO 4 , pH adjusted with 0.1 M Na 2 HPO 4 ). The SDS lysate was diluted 1:4 with phosphate buffer and added to either the glass or acrylamide-hydrazide coupled bead. This was allowed to rotate overnight in the dark. Following this, the beads were subsequently washed four times with 1 ml of phosphate buffer, followed by 1 ml of 1 M NaCl, two times with 1 ml distilled water, 1 ml 80% acetonitrile (ACN), and a second round of Milli-Q water. To release the hydrazide-bound proteins, 200 ll of 10% formic acid was added to the beads and incubated for 30 min at 608C. Because the acrylamide-hydrazide could not be heated without destroying the bead, protein was eluted at room temperature for 1 h. The beads were then pelleted, and the supernatant removed and lyophilized.
SDS-PAGE
SDS-PAGE was conducted as described previously [39] . Fractionation of the material was achieved by dissecting uniform pieces of the gel (1-mm wide bands) from both the control and HNE-treated lanes such that 25 fractions/lane was achieved. Individual polyacrylamide gel plugs were washed five times with 25 mM ammonium bicarbonate in 50% methanol. The gel slices were shrunk using approximately 100 ll of ACN for 15-20 min and then treated with 10 mM dithiothreitol for 1 h. The excess supernatant was removed, and 50 mM iodoacetamide was added for 1 h in the dark. The plugs were then washed thrice, reconstituted with 50 mM ammonium bicarbonate containing 800 ng of trypsin (Promega), and left at room temperature overnight. Peptides were extracted by double application of 20 ll of 50% ACN and 0.1% trifluoroacetic acid and the extracts combined.
SDS-Tris-Acetate Gels
Tris-acetate gels were run as per SDS-PAGE with the exception that 20 lg of protein were loaded per lane and that Tris-acetate gels (3%-8%) and running buffer were used.
LC-MS
For all the experiments, an Ultimate 3000 ultra-high pressure liquid chromatography system (Dionex) was used as described elsewhere [40] .
Mass Spectrometry
For the collision-induced dissociation (CID)/electron transfer dissociation (ETD) experiments an AmaZon ETD Ion Trap (Bruker Daltonik) was used equipped with an online-nanosprayer. A detailed description of the setup was described previously [40] . Acquired ETD/CID spectra were processed in DataAnalysis 4.0, and deconvoluted spectra were further analyzed with BioTools 3.2 software and submitted to Mascot database search: Mascot 2.3.02; Swissprot database (540 732 sequences, 192 091 492 residues, release date August 2013). The species subset was set at Homo sapiens, parent peptide mass tolerance was 1.2 Da, and for MS/MS, the tolerance was 0.8 Da; peptides with two missed trypsin cleavages were considered. The following variable modifications-deamidated (NQ) and oxidation (M)-were used, whilst carbamidomethylation (C) was set to fixed. Because Mascot is a probability algorithm and works best with fewer variables, three separate Mascot searches were then performed on one individual file. For this, either lysine, histidine, or cysteine had the variable modification of HNE, HNEþH 2 0, and HNE-H 2 0. The three separate Mascot runs were then concatenated as described below.
Mass Spectrometric Data Interpretation
The derived MS datasets were combined into protein compilations using the ProteinExtractor functionality of Proteinscape 2.1.0.573 (Bruker Daltonics), which conserved the individual peptides and their scores while combining them to identify proteins with much higher significance than achievable using individual searches. In order to exclude false-positive identifications, peptides with Mascot scores below 30 were rejected without further consideration. Each individual spectrum was then loaded into the software data analysis (Bruker Daltonik), where the y and b (CID) or c and z (ETD) ion series were manually validated on a residue by residue basis. For positive peptide identification, we looked the ion series to be present on the most abundant peaks present in the fragment ions. The mass error between any residue had to be less than 0.09 Da, and the majority of the peaks had to be accounted for on the basis on internal fragments or other ion series (À17, À18 Da) of a typical CID or ETD spectrum. In the case of 4-HNE-containing peptides, the neutral loss of the aldehyde initiated by CID was also used to confirm its presence. Peptides in which the intact 4-HNE residue was found in the tandem mass spectra were assigned. Additionally, as ETD fragmentation maintains the 4-HNE residue within the spectrum, this can be used to confirm the aldehyde. If an adduct assignment was not possible, the peptide was reported as containing the adduct, and the possible residues for which this may have been on were put in parenthesis.
Immunoblotting
Immunoblots were performed as described previously [39] . The membrane was then incubated for 2 h at room temperature in a 1:4000 dilution of a v) bovine serum albumin (BSA). After incubation, the membrane was washed four times for 5 min with TBS-T and then incubated for 1 h at room temperature with goat anti-mouse immunoglobulin G horseradish peroxidase conjugate at a concentration of 1:3000 in TBS-T containing 1% (w/v) BSA or goat-anti-rabbit at 1:1000 in the case of the anti-4-HNE blot. The membrane was again washed as described above, and immune-reacted proteins were detected using an enhanced chemiluminescence kit (Amersham International) according to the manufacturer's instructions.
Stripping Nitrocellulose Membranes
In order to confirm equal loading of protein, blots that had been probed were stripped and reprobed with an antibody against a-tubulin. For this procedure, approximately 30 ml of stripping buffer, consisting of a 0.2 M NaOH solution, was added to the membrane for 30 min at room temperature. The membrane was then washed (30 min in TBS-T), blocked, and probed with the primary antibody as described.
Measurement of Protein Kinase A Activity
All the reactions were carried out in an Eppendorf tube. Enzyme activity was measured using 2.7 units of recombinant protein kinase A (PKA) in 40 mM Tris-HCl, pH 7.5, containing 20 mM MgCl 2 , 50 lM ATP, and 50 lM kemptide substrate. All the incubations were carried out at 378C. To this mixture, a biotinylated PKA-kemptide with the sequence Leu-Arg-Arg-AlaSer-Leu-Gly was added. At the indicated time, the reactions were stopped by transferring 5 ll of the reaction mixture into 5 ll of matrix solution (5 mg/ml of a-cyano-4-hydroxycinnamic acid in 50% ACN/H 2 O plus 0.1% trifluoroacetic acid). One microliter of the stopped reaction mixture was transferred onto a matrix-associated laser desorption/ionization-time-of-flight (MALDI-TOF) MS ground steel target plate.
Measurement of ATP Levels
Human spermatozoa (10 3 10 6 cells/ml) were incubated in either BWW or BWW-Ca 2þ . At the times indicated, 50 ll of sample were taken, and ATP measurement was performed using an ATP assay kit according to the manufacturer's instructions (Sigma). Every effort was made to ensure that loss of ATP was not due to postlyses artifact. Thus, equal amounts of CaCl 2 were added to lysates of sperm incubated in BWW-Ca 2þ so that both populations had the same amount of Ca 2þ postlyses. Furthermore, it should be noted that the manufacturer-supplied lyses buffer contained ethylenediaminetetraacetic acid to chelate the residual Ca 2þ . Upon lyses, the mixture was immediately placed in a 48C water ice slush to minimize postlyses Ca 2þ -dependent ATP consumption. Finally, before performing luminometry measurements, samples were coded and then randomized.
RESULTS
4-HNE-Induced Spermiostasis
In order to determine the concentrations at which 4-HNE causes toxicity, we added increasing amounts of the aldehyde to human spermatozoa and examined motility over a period of either 3 h (Fig. 1A ) or 24 h (Fig. 1B) . As shown in Figure 1A , progressive loss of sperm motility occurs with increasing concentrations of 4-HNE after 3 h. However, lower concentrations are required for the aldehyde to completely inhibit motility after 24 h of exposure (Fig. 1B) . The progressive adduction of 4-HNE to proteins can be seen in Figure 1C . Immunoblot analysis using the anti-4-HNE antibody demonstrated that several proteins form adducts with 4-HNE over both time periods. To demonstrate equal loading of the proteins, the blot was stripped and reprobed using an anti-atubulin antibody (Fig. 1C, lower immunoblot) . Interestingly, even the control sample (no addition of 4-HNE) showed a reasonable level of cross-reactivity to the antibody, suggesting that although endogenous 4-HNE is present, this amount not enough to cause spermiostasis. The immunoblots did not conclusively show any protein being adducted that tightly correlated with loss of sperm motility. This finding suggests that the spermiostatic effect of 4-HNE was either not through an adduct on any particular protein or the immunoblot was not sensitive enough to detect the change.
4-HNE-Induced Spermiostasis Is a Direct Effect on a Protein
To determine if 4-HNE induces spermiostasis via a direct or indirect protein adduct, cells were treated with the vehicle or 50, 125, or 250 lM 4-HNE as shown in Figure 2 . Following lysis, total ATP concentration was measured in these cells ( Fig.  2A) . From this analysis, no significant deficit in the level of ATP was observed, suggesting this is an unlikely mechanism of action by which the aldehyde was working. Consequently, to investigate whether 4-HNE has a spermiostatic effect through a direct mechanism, we next turned our attention to the sperm demembranation-reactivation model. The principal of this assay is to establish whether the flagellum can function in the presence of externally added ATP, thus demonstrating whether or not the so-called motor unit is disrupted in any manner. Human spermatozoa were again treated with the vehicle control or increasing concentrations of 4-HNE until complete spermiostasis occurred. The cells were subsequently treated with a small amount (0.1%, v/v) of detergent (Triton X-100) to remove the membrane, washed, and then exogenous ATP was added. As shown, around 50% of vehicle controltreated spermatozoa are able to restore flagella activity in the presence of ATP (Fig. 2B, Con) . However, in spermatozoa treated with 4-HNE, despite washing away residual aldehyde, the addition of a bolus of exogenous ATP did not restore flagella movement (Fig. 2B, 4-HNE) . This data suggested that the motor unit is no longer responsive to ATP and by implication that 4-HNE acts through a direct protein adduct to induce spermiostasis.
Characterization of 4-HNE Protein Adducts
To determine the molecular basis of 4-HNE toxicity toward spermatozoa, we used two separate proteomic approaches. The manner in which we did this is outlined in Figure 3 .
Phase 1: SDS-PAGE followed by LC-MS. Following complete spermiostasis, the control and treated samples were solubilized in 10% SDS. From this, 10 lg of the sample was taken and placed in a separate aliquot. Both aliquots were run in SDS-PAGE, and the lane containing the majority of the sample was silver stained, whilst the other (10 lg) was transferred to confirm 4-HNE labeling using immunoblotting. Approximately 1 mm 3 gel plugs were taken, affording a total of 24 fractions (n ¼ 4) from the silver-stained gel. The proteins were then digested using trypsin and run on reversed phase chromatography with direct injection into an ion-trap MS. In both cases, consecutive CID and ETD were performed on the parent peptide. The MS/ MS analysis was undertaken with a modification of 156.12 Da (4-HNE product) on histone, lysine, and cysteine residues in order to identify 4-HNE adducts. Any MS/MS data with a Mascot score less than 30 were immediately rejected because in our experience, very few of these spectra have correct fragment ion assignment. Approximately 180 peptides were reported by Mascot to fit these criteria. However, upon manual inspection to ensure accurate y and b (CID) or c and z (ETD) ion series annotation as described in Materials and Methods, this number was dramatically reduced. In the end, we found 24 peptides from spermatozoa with a 4-HNE adduct, which came from a total of 16 proteins. Table 1 lists those proteins identified as direct 4-HNE adducts. Column 1 lists the protein name (and official gene symbol) from which the peptide was derived from. Column 2 lists the peptide and 4-HNE modified residue is shown in boldface for clarity. In the case of an ambiguous 4-HNE site, MECHANISMS BY WHICH 4-HNE AFFECTS SPERM FUNCTION then a parenthesis is shown around the sequence of amino acids that are likely to have the adduct and no residue is in boldface. Other modifications (NQ, M, or C) are underlined. Column 3 shows the type of fragmentation method used to collect the data whilst column 4 gives the Mascot scores of the individual peptides. In addition to these parameters, Supplemental Data S1 (Supplemental Data are available online at www.biolreprod.org) lists additional peptide statistics, including observed mass in which the MS/MS data was taken, the difference in mass between the observed and theoretical mass, and charge of the peptide itself.
Phase 2: 4-HNE-hydrazide coupling. The second flow path to identify 4-HNE adducts took advantage of the covalent bond that forms between the aldehyde moiety of 4-HNE with hydrazide to form hydrazone (see Fig. 3, phase 2) . The stability of the bond makes it possible to stringently wash away any nonspecific interaction (with SDS) whilst enriching for 4-HNbound proteins.
To generate 4-HNE modified proteins from spermatozoa, cells were treated with either the vehicle or 4-HNE until complete spermiostasis had occurred. Following the capture of 4-HNE-modified proteins, the solid supports were successively 6 human spermatozoa were incubated with increasing amounts of exogenous 4-HNE as shown. After 3 h (A) or 24 h (B) sperm motility was recorded and is shown as the total percentage. C) These same cells were lysed (2% SDS), and 5 lg of protein were run in 4%-20% SDS-PAGE. The sample was probed using anti-4-HNE antibody (upper immunoblot), and the blot was stripped and reprobed using anti-b-tubulin antibody (lower immunoblot). The positions of the molecular weight markers are given on the left-hand side. *P , 0.05, **P , 0.001 (n ¼ 5 biological replicates for all the experiments shown).
FIG. 2. 4-HNE inhibits motility through a direct as opposed to indirect mechanism. Approximately 30 3 10
6 human spermatozoa were coincubated with increasing amounts of exogenous 4-HNE. Once spermiostasis had occurred, the spermatozoa were lysed and total ATP levels (A) were measured (n ¼ 5). B) Following addition of Triton X-100, ATP is added to reactivate flagella movement in the presence or absence of 4-HNE as shown (n ¼ 5).
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washed with SDS, high salt, and organic solvents to remove nonspecifically bound proteins. The bound proteins were then eluted using 10% formic acid in mild (608C) heat to cleave the hydrazone bond. We performed spectral counting analysis of proteins (n ¼ 3) from the control versus treated samples to determine which proteins became adducted upon exogenous treatment with the aldehyde. Table 2 lists those protein identifications that were obtained from the exogenous treatment of 4-HNE that were either significantly enriched (P , 0.05) or shown to be present in all three biological replicates for the 4-HNE treated samples, but not present in the control group (note, no significance or fold change can be assigned; therefore, we used the term infinity). The significant normalized spectral counts for all the proteins can be seen in Supplemental Data S2. The peptide statistics for all the proteins can be found in Supplemental Data S3. In total, we observed 34 protein changes, 12 of which were significant (more peptides present in 4-HNE treated), suggesting some endogenous labeling of these proteins. The remaining 22 were only found in the 4-HNE treated samples, suggesting they are only labelled in the presence of higher concentrations of the aldehyde.
In order to confirm our observations and elucidate the mechanism by which 4-HNE elicits toxicity toward spermatozoa, two proteins were chosen to study further. These included the catalytic subunit of PKA and dynein heavy chain.
4-HNE Binds to Dynein Heavy Chain
We sought to confirm that 4-HNE bound to dynein heavy chain 17 as shown in Table 1 . To investigate this possibility, sperm cells were incubated with the vehicle control or increasing amounts of 4-HNE, just until the point at which 90% of sperm cells were immotile (as judged by phase contrast microscopy). The cells were immediately washed and 4-HNE quenched to FIG. 3 . Flow path outlining how 4-HNE adducted proteins were found. Two orthogonal approaches were used to isolate 4-HNE adducted proteins. On the left-hand side, treated and untreated spermatozoa were run in 4%-20% SDS-PAGE, and gel slices were taken every 1 mm. The proteins were digested with trypsin and run in LC-MS. A direct adduct was characterized by using both the MS and MS/MS data as described in Materials and Methods. In the second approach, 4-HNE adducts were captured using hydrazide beads. The sample was washed and digested, followed by LC-MS for protein identification. Normalized spectral counts were then used to determine which proteins increased upon 4-HNE treatment.
MECHANISMS BY WHICH 4-HNE AFFECTS SPERM FUNCTION
ensure no further binding of 4-HNE would spuriously occur. Because dynein heavy chain is a large protein, Tris-acetate gels were run, the protein was subsequently transferred to nitrocellulose and probed using both anti-dynein heavy chain antibody and anti-4-HNE antibody. As shown in Figure 4A , a protein near the 460 kDa marker (arrow) became labeled with 4-HNE upon spermiostasis. When the nitrocellulose was stripped and reprobed with anti-dynein heavy chain antibody (Fig. 4B ), we could demonstrate that the protein 1) was present at the same level in vehicle and treated lanes and 2) was found in the same position as the anti-4HNE reactive band. Although coimmunoprecipitation experiments were tried, the dynein heavy chain proteins would not precipitate, making it impossible to use this technique for further confirmation. Although at this stage, we cannot rule out that 4-HNE has other effects on axonemal proteins that may explain the loss of sperm motility, the data here support the hypothesis that 4-HNE does form an adduct with the dynein heavy chain, which is correlated with spermiostasis at higher doses.
4-HNE Action on PKA In Vitro and the PKA-Dependent Induced Tyrosine Phosphorylation In Vivo
4-HNE was shown to bind to the catalytic subunit of protein kinase A (PRKACA) on residue C199 (Table 1) . PRKACA plays an indispensable role in sperm function with gene knockout studies demonstrating complete male infertility [41] . Importantly, PRKACA is responsible for the increase in tyrosine phosphorylation pathway seen during capacitation [42, 43] . In the absence of PRKACA, sperm cells fail to undergo this increase, which leads to infertility. Therefore, in order to test if 4-HNE was having any effect on PKA, we first tested the effect that the aldehyde had on PKA activity. Addition of increasing amounts of 4-HNE to recombinant PKA demonstrated that at lower levels, kinase activity was stimulated (P ¼ 0.08). This trend was reversed at higher levels, with 4-HNE inhibiting enzyme activity (Fig. 5A) . These data suggest that although 4-HNE bind to the catalytic site at lower levels, it is likely to bind to other sites at higher levels and directly inhibit enzyme activity. For comparison, the effect of well-known PKA inhibitor H89 is shown (Fig. 5A, lane 3) .
To determine if the inhibition of PKA by 4-HNE had any in vivo consequence, we investigated whether the global increase in tyrosine phosphorylation still occurred in cells treated with the aldehyde. As shown in Figure 5B , addition of increasing amounts of 4-HNE to spermatozoa demonstrates a loss in the level of tyrosine phosphorylation. This is particularly visible after 24 h, where the vehicle control demonstrates very high levels of cross-reactivity with the anti-phosphotyrosine antibody. However, even in the presence of 25 lM 4-HNE (where PKA activity appears to be stimulated by the aldehyde), a clear decrease in the amount of phosphotyrosine is observed, suggesting that 4-HNE may act on other enzymes in this pathway. The lower blot (Fig. 5B) has been probed for anti-b tubulin antibody to serve as a protein loading control.
DISCUSSION
For some time, it has been recognized that spermatozoa are highly susceptible to ROS, which is likely to be due to these specialized cell types being heavily endowed with polyunsaturated fatty acids [18] . Interestingly, several reports have demonstrated that at lower levels, ROS actually has a positive effect on sperm capacitation, showing an increase in tyrosine phosphorylation. However, once a threshold has been reached, higher levels of ROS are detrimental to sperm function [13] . At the molecular level, ROS attack polyunsaturated omega-6 acyl groups, including those of arachidonic and linoleic acids, leading to the formation of 4-HNE. Previously, we have demonstrated using two-dimensional PAGE an array of proteins potentially adducted with 4-HNE. However, with the advent of modern MS, it is now possible to use both the parent mass and daughter fragment ions to define 4-HNE adducts not only within proteins, but on specific residues within such proteins.
By using this approach, we have characterized 16 proteins that form adducts with 4-HNE. Because only a proportion of tandem mass spectra can be interpreted, it is unlikely that the entirety of the 4-HNE adducts that occur within spermatozoa have been identified. Therefore, in order to complement this data set, we adopted a chemical approach to further isolate 4-HNE-adducted proteins. A comparison between the two sets demonstrates that only AKAP4 was found in both approaches. The main reason for this is that the two approaches are extremely orthogonal. In the case of SDS-PAGE, a specific 4-HNE labeled peptide had to be characterized. With the 4-HNE hydrazine coupling method, once the protein was isolated and trypsin was added, many peptides (an average of 50 for a 50-kDa protein) are generated. Any of these peptides could then be identified by the MS. From this dataset, we identified several proteins that were enriched using immobilized hydrazide and 6 human spermatozoa were coincubated with increasing amounts of exogenous 4-HNE. After 2 h, the spermatozoa were lysed (2% SDS), and 5 lg of protein were run on 3%-8% Tris-acetate gel. The sample was probed using anti-4-HNE antibody (A), the blot was stripped, and reprobed using anti-dynein heavy chain antibody (B). The arrows indicate the position of dynein heavy chain reactivity. The blot is representative of a biological replicate that has been repeated three times.
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can report 34 protein identifications that increased in abundance during our incubation period.
4-HNE Dynein Heavy Chain Binding
The link between excessive ROS production and a gradual loss in sperm motility has been reported previously [21, 44] . The fundamental mechanical features of sperm movement are well-known and have been documented for over 30 yr (for a review, see [45] ). Essentially, sperm motility is driven by the axoneme, a highly conserved cytoskeletal structure that involves two dynein arms (an outer and inner arm) that are tethered on one side to tubulin microfilaments [46, 47] . Tellingly, one of the proteins shown to be adducted by 4-HNE was dynein heavy chain. Clearly, the addition of exogenous 4-HNE had no impact on the level of ATP, suggesting that the adduct on dynein is a rational explanation as to how 4-HNE inhibits sperm motility. Following hydrolysis of ATP, the dynein arms essentially walk along the neighboring microfilaments [48] . This creates an undulatory wave that is propagated backward along the length of the flagellum, which in turn causes a forward propulsive thrust along the axis of movement, leading to progressive, space-gaining motility. The importance of fundamental proteins such as dynein, have been demonstrated in the unicellular flagellate Chlamydomonas (e.g., see [49, 50] ), and several studies have demonstrated that mutation of various dynein heavy chain isoforms leads to spermiostasis. For example, examination of a group of African men with low or no sperm motility, demonstrated that mutations in various regions of dynein heavy chain 1 were shown to correlate with poor motility [51] . In addition, men suffering from Kartagener syndrome have been shown to possess various mutations in DNAH11 and to produce nonmotile sperm, rendering them infertile [52] . Interestingly, various isoforms of dyneins are known to be tissue specific. For example, DNAI17 is only expressed in the testis and, therefore, likely to play a pivotal role in sperm motility. Two additional proteins potentially implicated in the loss of sperm motility with 4-HNE adduction are PKA and tubulin. However, in the case of PKA, the PRKACA knockout mice still demonstrate forward progressive motility [41] , suggesting that despite inhibition of the enzyme, this would not lead to spermiostasis.
The Effect of 4-HNE on PKA
One of the most surprising results was the effect that 4-HNE had on PKA activity. At lower doses, 4-HNE had a stimulatory effect on the kinase approaching significance (P ¼ 0.08, 25 lM 4HNE; Fig. 5 ). The phenomenon that low levels of ROS are necessary for sperm function has been implicated for several decades. In human spermatozoa, it was realized that a low level of ROS is actually necessary for sperm capacitation [13] . Furthermore, it was recognized that the effect of ROS was downstream from the action of cAMP [13] . In this study, we found a 4-HNE adduct forming on PKA at C199. Residues 184-208 of PKA form part of the activation segment of the csubunit (Hanks subdomain VIIIb [53] ). Mutation studies have demonstrated that substitution of either G200A or T201A inhibit autophosphorylation of T197 and consequent activation of PKA. Both of these residues are upstream of C199. Of interest and contrary to our study, a single mutation of C199, L198, Y197, or T195 has no effect on PKA activity, suggesting that these residues are not essential for the activity of PKA. However, we reasoned that a single amino acid substitution is not the same as having a large, bulky C-9 group covalently attached the cysteine. It is highly likely, given the sensitivity of this domain, that 4-HNE, despite binding to a nonessential amino acid, would affect the activity of the enzyme. However, despite their being a rise in PKA activity at low levels, this did not correlate to the PKA-dependent tyrosine phosphorylation pathway (Fig. 5B ). Indeed this pathway was inhibited, suggesting that 4-HNE is likely to have other (downstream) effects, even at low doses on this pathway.
The Epigenetic Effects of 4-HNE
Perhaps one of the most significant findings of this study has been the identification of a 4-HNE adduct on histone-lysine N-methyltransferase. This enzyme plays a key role in the addition of a methyl group to either lysine or arginine on histones. Intriguingly, a recent report has demonstrated the importance of methylation on the paternal genome and its significance to disease outcome in the offspring. By keeping paternal mice on low dietary folate, changes in the sperm DNA methylation status occurred [54] , which lead to changes in the offspring. In the preimplantation embryo, the epigenome is reprogrammed and DNA methylation is, for the most part, actively removed. This, however, is not the case for imprinted genes, repeat sequences, and unidentified regions involved in the epigenetic inheritance of disease [55, 56] . As such, 27% of human spermatozoa were incubated with increasing amounts of exogenous 4-HNE as shown for 3 or 24 h. These same cells were lysed (2% SDS), and 5 lg of protein were run in 4%-20% SDS-PAGE. The sample was probed using anti-phosphotyrosine antibody (upper immunoblot). The blot was stripped and reprobed using anti-b tubulin antibody (lower immunoblot). The positions of the molecular weight markers are given on the left-hand side. The gel represents one experiments that has been repeated four times.
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offspring sired from low-folate fathers (that have changes to their epigenetics) demonstrated a visible gross anatomical abnormality compared to only 3% of fathers sired on a normal diet. Thus, changes in paternal DNA methylation status can lead to significant disease progression seen in the next generation.
The finding of histone-lysine N-methyltransferase may be the key to explain how, at a molecular level, environmental factors that cause oxidative stress in the spermatozoa of the father, can have an impact on the offspring. In addition, an epidemiological study from a group of 642 childhood cancer patients has correlated this condition to external influences from both parents, including smoking, drinking, and other exposures. For example, paternal preconception smoking significantly elevated the risk of acute leukemia and lymphoma in children. In simplistic terms, as men smoke, oxidative stress within their spermatozoa build up, causing increased 4-HNE production [57, 58] . Our data demonstrate that 4-HNE is able to bind to histone-lysine N-methyltransferase. Although we do not fully understand the impact of this adduct, if 4-HNE attenuates enzyme activity, then it is likely the histonemethylation within the spermatozoa of smoking fathers is incorrectly processed. If such spermatozoa successfully fertilize the egg, then this may explain the rise in lymphoma and leukemia in children of smoking fathers.
This study was designed to investigate the impact of 4-HNE on sperm function at a molecular level. As such, we have characterized several proteins that appear to bind to the aldehyde. Interestingly, labeling by the aldehyde may favor a hydrophobic pocket, and at low doses, may stimulate enzymes such as PKA. However, because oxidative stress in spermatozoa can lead to DNA damage, it appears that 4-HNE stops sperm capacitation by targeting the tyrosine phosphorylation pathway and inducing motility loss, potentially through a direct adduct on dynein heavy chain.
